This paper presents a spatial fading emulator for evaluating handset MIMO antennas in a cluster environment. The proposed emulator is based on Clarke's model and has the ability to control RF signals directly in spatial domain to generate an accurate radio propagation channel model, which includes both uniform and non-uniform angular power spectra (APS) in the horizontal plane. Characteristics of a propagation channel such as fading correlations, eigenvalues and MIMO channel capacities of handset antennas located in the vicinity of the emulator's ring can be evaluated. The measured results show that the fading emulator with 31 antenna probes is sufficient to evaluate fading correlation and MIMO channel capacity of handset antenna in the case of a narrow APS with the standard deviation of more than 20 degrees.
Introduction
Simple and appropriate over the air (OTA) testing [1] for mobile handsets with a multiple input multiple output (MIMO) system is indispensable to the success of LTE and IMT-Advanced cellular systems. The first commercial MIMO handsets were designed for a relatively small cell radius, involving a street microcell [2] . In such a radio propagation environment, incident waves arriving at a handset, which are received in clusters, tend to come from certain geometrically confined regions [3] . It is well known that the angular power spectrum (APS) in a spatial cluster has a small angular spread compared to that in a conventional macrocell multipath environment [4] . In addition, the number of clusters encountered in a microcell environment depends on the geometrical features surrounding a handset, such as seen at the mid location in a street, at the end of a street, or at crossroads [5] . Thus, OTA test equipment for MIMO antennas should be implemented with the ability to represent a microcell cellular environment with a plurality of spatial clusters.
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for MIMO handset have been reported [6] - [11] . A reverberation chamber [6] consists of a metal cavity equipped with multiple stirrers, a rotating platform, and multiple wall antennas and multi-path radio channels can be obtained by the waves reflected from the stirrers. This method has the advantage of a simple structure, and enables us to easily evaluate handset antenna. However, it is difficult to control characteristics of propagation channels and to generate different cluster spectra environments because the multipath environment can be achieved by a number of waves, which are randomly reflected by the stirrers and the wall of the metal cavity.
On the other hand, a spatial fading emulator [7] - [12] , which can represent characteristics of propagation channel such as Doppler shift and moving direction of handset, has also been developed for the OTA test equipment. In this system, plural antenna probes are located around a handset antenna and emit radio waves to make a multi-path propagation environment with uniform and non-uniform angular power spectra such as a macro cell scenario and microcell spatial clusters.
The required number of antenna probes and radius of the emulator for a spatial-cluster environment have been investigated in references [7] , [8] . In Ref. [7] , the useful number of the antenna probes for a Laplacian APS distribution with the standard deviation of 35 degrees was derived. In Ref. [8] , the number of the antenna probes was theoretically obtained with regard to the fading correlation coefficient. These two papers are pioneering studies for realization of MIMO performance evaluation using a fading emulator in a microcell cellular environment with a plurality of spatial clusters.
In third Generation Partnership Project (3GPP), APS with the standard deviation of 30 degrees is used to model a cluster in spatial channel model (SCM) and its extension (SCME) [13] , [14] . Furthermore, a narrow APS with the standard deviation from 3 to 22 degrees has been discussed at ITU-R [15] . From this, we investigate the required number of the antenna probes and the radius of the fading emulator for a narrow APS with standard deviation of less than 30 degrees with regard to both the fading correlation and received power difference between antennas of a handset MIMO array. Furthermore, we measure handset MIMO characteristics using a fading emulator presented in this paper for confirmation of the effectiveness of the designing the emulator.
In this paper, a structure of the spatial fading emulator that can generate a cluster spectrum is described. In this emulator, RF signals radiated from each antenna probe are directly controlled in order to represent a propagation environment comprising plurality of incident waves with different APS. Furthermore, the emulator can produce a radio wave with a Doppler shift by continuously varying the phase of RF signal.
This paper is organized in the following way; in Sect. 2, the basic configuration of the emulator is described. A spatial channel model in terms of cluster for evaluation of a MIMO antenna is presented in Sect. 3. Design and performance evaluations of the emulator, which can generate a cluster spectrum, are discussed in Sect. 4. The measured results of the characteristics of handset MIMO antenna are verified to confirm the effectiveness of the emulator. Finally, conclusion is described in Sect. 5.
This paper focuses on a basic study of generating a cluster spectrum and evaluating a handset MIMO antenna by using the proposed fading emulator that can represent a Rayleigh and Nakagami-Rice distributions in the vicinity of the emulator's ring. In order to make a mechanism easy to understand, the polarization of antenna probes of the emulator deals with only vertical polarization. In addition, the propagation channels discussed in this paper are only in the horizontal plane. The link-level evaluation of MIMO handset antenna and a three-dimensional OTA testing using this fading emulator are future work.
Configuration of the Proposed Emulator
The configuration of a spatial fading emulator based on Clarke's model and arrangement of K m antenna probes are illustrated in Fig. 1 and Fig. 2 , respectively. As shown in Fig. 1 , K m half-wavelength dipole antennas used as antenna probes are fixed on the top of resin pillars which are located on the circumference with a radius of r at equal intervals. In Fig. 2 , φ and φ i are the azimuth angle and the angle of the i-th antenna probe from the x-axis, respectively.
RF signal delivered from a transmitter is separated by a power divider, and then emulated waves are radiated from antenna probes through phase shifters and attenuators those are used to control the phase and amplitude of each signal in order to emulate multi-path propagation environment.
The amplitude of emulated wave radiating from each antenna probe was varied using the attenuators. A computer was used to calculate the values of the phase shift of the signals emitted from each probe in order to obtain a Rayleighfading channel. Nakagami-Rice fading can also be produced in such a manner that the signal strength of a single antenna probe is greater than that of the others [9] .
When a measurement campaign is executed, receiver Rx is located in the vicinity of the center of K m antenna probes. Then the emulated wave radiated from antenna probes is received at Rx and measured its amplitude and phase. The combination of receiver and transmitter shown in Fig. 1 can be replaced with a commercial network analyzer when an experiment is performed using sinusoidal continuous wave (CW) signals, as will be described in Sect. 4. The dedicated use of receiver and transmitter units, on the other hand, allows this emulator to be used for tests incorporated with modulated signals, such as OFDM, CDMA, HSDPA, and MIMO formats in mobile systems.
This feature is a result of the fact that the emulator has an RF-controlled configuration, rather than a digital-based architecture. A base station simulator (e.g. a signal generator (SG) with arbitrary waveform generation capability) could be used for this purpose for the transmitter in Fig. 1 . Using this set-up, the signal bit error rate (BER), throughput, and video picture quality, from the viewpoint of the system figure-of-merit, can be measured and assessed by setting an actual commercial handset at the center of the emulator's ring.
Cluster Model
It is reported that clusters in a microcell environment propagate through scattering sources such as building corners, structures like towers, roofs, and some wall reflections [3] . The concept of clusters in this study is employed to simulate a set of discrete waves with a narrow APS arriving at the handset. Direction of arrival of clusters generated by the proposed emulator is illustrated in Fig. 3 . This model is improved for simulating handset adaptive and MIMO arrays with a uniform APS in azimuth [16] .
The wave radiated from a base station antenna generates a set of Q c clusters, each of which comprises M uncorrelated waves, forming K m scatterers surrounding N handset antennas. Thus, M uncorrelated waves are subject to independent identically distributed (i.i.d) complex Gaussian processes [17] . Furthermore, the correlation characteristics of the base station and mobile station sides are taken to be independent of each other, based on the Kronecker assumption [18] . The handset is assumed to be surrounded by K m antenna probes.
The angular power spectrum in the horizontal plane can be modeled by a Laplacian [13] or Gaussian distribution [19] . In this paper, a Gaussian distribution is used for discussion. In this case, the APS of the q-th cluster is obtained as follows:
where P q and m q are the power and average direction of the angle of the q-th cluster, respectively. σ q is the standard deviation of the angular power spectrum of the q-th cluster. φ is the horizontal angle from the x-axis, shown in Fig. 2 . In order to generate a power distribution of cluster spectra by using the proposed emulator, the radiation power of each antenna probe is adjusted by the attenuator, using the setup shown in Fig. 1 . Moreover, we focus on obtaining structural parameters of the emulator, which can provide sufficiently accurate MIMO evaluation in comparison with theoretical value in the case of continuous APS distribution, as shown in Fig. 3 . Thus, we investigate MIMO antenna testing using the fading emulator with a single cluster for determining the number of antenna probes and radius of the emulator.
Evaluation of the Performance of a MIMO Antenna
In this section, a performance evaluation of a cluster environment generated by using the proposed emulator is presented. The phase shifter indicated in Fig. 1 provides phase rotation from 0 to 360 degrees with bias voltages from 0 to 10 V. The attenuator has the ability of dynamic range of 40 dB with bias voltages from 0 to 8 V. In this study, we used the dynamic range of 20 dB for creating APS since the rest was used in order to adjusting wave power for system calibration. The bias voltages are supplied to the phase shifters and attenuators from a digital-to-analogue (D/A) converter with 12-bit resolution and a maximum sampling rate of 500 Hz. The radio frequency was set at 2 GHz. The Doppler and sampling frequencies were 25 and 500 Hz, respectively. In this investigation, the moving distance of the handset was 1600 wavelengths of the radio frequency. Thus, the number of snapshots of sampling data was 32,000. In this case, quasi-dipole array antennas with a separation of a half-wavelength, which are constructed with a single dipole antenna for each location shown in Fig. 4 , are used as MIMO handset antennas. Hence, a mutual coupling between Rx antennas is not considered for this verification. Moreover, the direction of arrival of cluster is fixed at m q = 0 degrees, which is aligned to the x-axis. The experimental parameters are listed in Table 1 .
As shown in Figs. 4(a) and (b), two arrangements are considered, referred to as X alignment when the array is located to the x-axis (φ p = 0 degrees), and as Y alignment when the array is located to the y-axis (φ p = 90 degrees) with a distance of d between antennas, respectively.
Design of the Fading Emulator
First of all, the number of antenna probes and the radius of the emulator are investigated to generate proper characteristics of cluster spectra such as APS and power distribution. To determine the construction of the proposed emulator in detail, the correlation coefficient and the received powers of Rx array are verified against the theoretical value. The theoretical correlation coefficient is defined as the absolute value of the complex fading correlation [20] :
where k = 2π/λ. Although Eq. (2) assumes a continuous distribution of the incident waves, the emulator produces a spatial power distribution Ω by using the discretely-distributed antenna probes. In this case, the correlation is given by:
where φ i is the angle between the i-th antenna probe and the x-axis, as shown in Fig. 2 . The correlation coefficient calculated from Eq. (3) as a function of the number of antenna probes when φ p , σ q and d are varied are shown in Figs. 5, 6 and 7, respectively. In these cases, m q is fixed to 0 degrees and the radius of emulator ring r is 1.5 meters.
From Fig. 5 , with regard to the case of φ p = 90 degrees, the Y alignment, the direction of a cluster is perpendicular to the alignment of Rx array and it needs more number of antenna probes to converge the correlation coefficient. Therefore, the Y alignment is used for determining the number of the antenna probes for obtaining the fading correlation close to the theoretical value of the continuous APS distribution. The standard deviation of APS of the incident cluster spectrum σ q is varied from 10 to 30 degrees shown in Fig. 6 . It is found from Fig. 6 that the number of antenna probes to realize a proper correlation coefficient increases as σ q decrease. In this case, it needs more than 20 probes to generate a cluster spectrum with σ q = 10 degrees from Fig. 6(b) . Moreover, it is found from Fig. 6 (a) that fading correlation of σ q = 10 degrees in the case of the X alignment is almost 1, which degrades MIMO performance and the handset array antenna acts like a SISO antenna. Figure 7 indicates that the required number of antenna probes are 7, 9 and 11 for d = 0.25, 0.5, 1 λ, respectively. Figure 8 shows the number of effective antenna probes which generate a cluster spectrum in the vicinity of the emulator ring as a function of the number of the antenna probes. In this study, an antenna probe, of which wave power is greater than −20 dB in comparison with the maximum power among the antenna probes, is defined as the effective antenna probe. In Fig. 8 , all antenna probes contribute to generate a cluster when σ q is infinity. The required number of antenna probes are 8, 12, 24 for σ q = 30, 20, 10 degrees when the number of effective antenna probes is 5. The number of the antenna probes can be determined by the narrowest APS of the spatial clusters. In this paper, 31 antenna probes are adopted to realize a narrow APS with σ q = 10 degrees.
In the next step, we investigated the radius of the emulator ring r, shown in Fig. 2 . The radius r can be determined by received power difference between Rx1 and Rx2. The power ratio ΔP a , which is defined by a ratio of the average received power of Rx2 to that of Rx1, is calculated as a function of d when the standard deviation σ q is varied from 10 to 30 degrees. In this study, we used the quasidipole array in the X alignment for m q =0. ΔP a of the X alignment is larger than that of the Y alignment since the distance between Rx1 and the antenna probe close to the xaxis is greater than that between Rx2 and the antenna probe, as shown in Fig. 4 . As shown in Fig. 9 , ΔP a increases with increasing d and decreasing σ q . It is found from Fig. 9 that the radius r is needed to be 1.5 meters or more, for obtaining ΔP a of less than 1 dB in the case of d = 0.15 meters, which corresponds to one wavelength at 2 GHz. Figure 10 shows a photograph of the spatial fading emulator in a radio anechoic chamber. 31 half-wavelength dipole antennas for vertical polarization are fixed on the each top of the resin pipe.
2-by-2 MIMO Characteristics with a Single Cluster
The performance of handset MIMO antennas in the case of a single cluster was investigated. In this paper, 31 antenna probes with the radius of 1.5 meters were used for the emulator to measure the correlation coefficient between antennas for d = 0.5 λ in the case of a narrow APS with σ q = 30 degrees. Figure 11 shows the experimental results of the angular power spectrum in the horizontal plane produced by the emulator. The power spectrum was measured by the dipole antenna located at center of the antenna probes when one antenna probe emitted radio wave. In Fig. 11 , a single cluster is assumed to come from m q = 0 degrees. It is observed from Fig. 11 that the emulator accurately represents the angular power spectrum with a Gaussian distribution. Moreover, it can be seen that 25, 15 and 5 antenna probes, which have the normalized power of greater than −20 dB, are used for generating clusters as the effective antenna probes with σ q = 50, 30 and 10 degrees, respectively. Figures 12 and 13 show the measured received powers as a function of moving distance, which is obtained by a product of the maximum Doppler shift f D and the elapsed time t. In Figs. 12 and 13, the received power was measured by the half-wavelength quasi-dipole array in the case of X alignment for σ q = 30 degrees and for a uniform distribution of the incoming wave, respectively. It is observed that the number of local minima in the received power for σ q = 30 degrees is less than that for a uniform distribution. This indicates that a narrow APS results in a slow variation in the received power. The reason for this phenomenon is considered that the phase difference between waves radiated from the antenna probes is small in the case of a narrow APS condition. Figures 14 and 15 show the cumulative probability distribution function (CDF) and the normalized level-crossing rate of the received power of Rx1 in the case of a uniform power distribution and a single cluster for σ q = 30 degrees, respectively. In this case, theoretical curve shown in Fig. 15 , which is derived from Jake's model with a uniform power distribution, is defined by the following equation [21] ,
where f D is the Doppler frequency, R S is the amplitude of the received signal, and b 0 is the average square envelope of the received signal.
As can be seen in Fig. 14 , both distributions of the received power are in good agreement with the Rayleigh distribution as a theoretical curve. On the other hand, it is found from Fig. 15 that the level-crossing rate for σ q = 30 degrees is about one third of that of Jake's model, whereas the levelcrossing rate for a uniform distribution is in good agreement with the theoretical curve of Jake's model.
The fading correlation between the two dipole antennas as Rx1 and Rx2 of the quasi array is shown in Fig. 16 . The separation of the two dipole antenna was set to a half wavelength. Theoretical curves calculated from Eq. (2) are also plotted in Fig. 16 . It is found from Fig. 16 that the measured correlations are in good agreement with the theoretical curves. Two symbols drawn on the right axis, which are indicated with a clear circle and a clear rectangle, show the results in the case of a uniform distribution of angular power spectrum with σ q is infinity. This figure indicates that the correlation coefficient in the X and Y alignment converge with increasing σ q toward the uniform distribution. Figure 17 shows the median eigenvalues of the two dipole antennas in the presence of one cluster with the signal to noise power ratio SNR = 30 dB. The signal power of the SNR was defined as the power received by a theoretical isotropic antenna for all radio waves emitted from the antenna probes [22] . It is found from Fig. 17 that although the first eigenvalues λ 1 remain constant, the second eigenvalues λ 2 decrease with decreasing σ q where σ q is smaller than 30 degrees because the correlation coefficient between Rx1 and Rx2 becomes high for both alignment. It is also found from Fig. 17 that the measured λ 2 of σ q = 10 degrees in the X alignment is greater than the calculated results. This discrepancy might be caused by the difference of the fading correlation between the measured data and the calculated result, while the difference between the two values was so small, as shown in Fig. 16 . The measured and calculated correlation coefficients were 0.990 and 0.998, of which discrepancy was only less than 1%. Figure 18 shows the calculated results of relationship between correlation and eigenvalue over the correlation range from 0.98 to 1. The measured and calculated λ 2 of σ q = 10 degrees in the X alignment are also shown in Fig. 18 . It is found from Fig. 18 that a high correlation results in a small λ 2 . Furthermore, this figure indicates that the small discrepancy between the measured and calculated correlation coefficients in Fig. 16 leads to the large difference of λ 2 of σ q = 10 degrees in the X alignment. Figure 19 shows the channel capacity of MIMO and SISO of the two dipole antennas in the case of a cluster with input SNR = 30 dB. The instantaneous channel capacity C s and its average C can be calculated [22] as follows: 
where γ is the SNR. λ i is i-th eigenvalues and M is the number of base station antenna. L and S are the numbers of eigenvalues and snapshots, and C s is the channel capacity of the s-th snapshot. The calculation results were obtained using Eq. (6). It is found from Fig. 19 that the measured channel capacities are in good agreement with the calculated results with the exception of APS in the case of σ q = 10 degrees in the X alignment. This is also caused by the slight difference between the measured and calculated correlation coefficients. These results indicate that the characteristics of MIMO handset antennas such as correlation coefficient, eigenvalue and channel capacity in a cluster propagation environment with a narrow APS with σ q of more than 20 degrees can be accurately evaluated by using the developed emulator.
Conclusion
A spatial fading emulator of 1.5-meter radius with 31 antenna probes for evaluating handset MIMO antennas, which can generate cluster spectra in a propagation channel, has been proposed. The proposed emulator can control RF signals directly in the spatial domain to produce an accurate radio propagation channel model, which includes both uniform and non-uniform APS in the horizontal plane. Using the emulator, we measured the fading correlation and the MIMO channel capacity of two half-wavelength dipole arrays in a single cluster environment. The agreement between the measured data and theoretical value in the case of a narrow APS with the standard deviation of more than 20 degrees confirmed the effectiveness of the emulator.
